This investigation evaluated a possible source of reduced intelligibility in hypokinetic dysarthric speech, namely the mismatch between listeners' perceptual strategies and the acoustic information available in the dysarthric speech signal. A paradigm of error analysis was adopted in which listener transcriptions of phrases were coded for the presence and type of word boundary errors. Seventy listeners heard 60 phrases produced by speakers with hypokinetic dysarthria. The six-syllable phrases alternated strong and weak syllables and ranged in length from three to five words. Lexical boundary violations were defined as erroneous insertions or deletions of lexical boundaries that occurred either before strong or before weak syllables. A total of 1596 lexical boundary errors in the listeners' transcriptions was identified unanimously by three independent judges. The pattern of errors generally conformed with the predictions of the Metrical Segmentation Strategy hypothesis ͓Cutler and Norris, J. Exp. Psychol. 14, 113-121 ͑1988͔͒ which posits that listeners attend to strong syllables to identify word onsets. However, the strength of adherence to this pattern varied across speakers. Comparison of acoustic evidence of syllabic strength to lexical boundary error patterns revealed a source of intelligibility deficit associated with this particular type of dysarthric speech pattern.
INTRODUCTION
Speech intelligibility is central to the diagnosis, treatment, and study of dysarthria. However, speech intelligibility is not a unitary construct, and it is not a simple byproduct of the quality or clarity of the speech signal. Estimates of speech intelligibility depend on how the speaker talks, on what he or she is saying, and on who is doing the listening ͑Connolly, 1986; Weismer and Martin, 1992; Beukelman, 1978, 1980a; Yorkston et al., 1990͒. As a result of this complexity, research on intelligibility in dysarthria has taken a variety of forms. At one end of the continuum are those investigations of the causal relationship between acoustic information in the dysarthric speech signal and the perceptual consequences of this information, particularly at the single-word level ͑Kent et al., 1989; Tikofsky et al., 1966; Yorkston and Beukelman, 1980a͒ . Other studies have explored message and listener effects on measures of intelligibility in dysarthria, primarily in connected speech ͑e.g., Dongilli, 1994; Hammen et al., 1991; Garcia and Cannito, 1996; Tjaden and Liss, 1995; Yorkston and Beukelman, 1980b͒ . Taken together, these studies have delineated a wide range of variables that may affect estimates of intelligibility in dysarthria. They also have highlighted the conceptual gap between studies of single-word and connected speech perception, leading to conclusions such as those of Weismer and Martin ͑1992͒: ''The explanatory principles that are emerging from the study of single-word intelligibility are likely to be quite different than those that will be discovered in the study of sentence intelligibility'' ͑p. 67͒.
The present report is the first of a series of studies that adopts a different vantage point than those of previous investigations: the interface between the speech signal and the listener's response to that signal ͑see Lindblom, 1990͒. Our studies examine evidence of the perceptual strategies listeners use to decipher the impoverished dysarthric speech signal, and how certain aspects of the dysarthric speech signal affect these perceptual strategies. To address these issues, we selected a paradigm that would allow us to consider jointly speaker and listener variables in the identification of word boundaries in dysarthric connected speech. This task, although seemingly effortless under normal circumstances, is perhaps the single most important process in the perception of connected speech ͑Cutler and Norris, 1988; Gow and Gordon, 1995; Quene', 1992͒ . Words must be extracted from the continuous acoustic stream for lexical access, and thus speech perception, to occur. No research to date has directly examined the special challenge that dysarthria poses to the task of lexical segmentation in connected speech, although it has been suggested that listeners modify their perceptual strategies when faced with impoverished acoustic signals ͑Forster, 1989; Marslen-Wilson, 1989; McQueen, 1991; Pisoni and Luce, 1986͒ . If we can identify a mismatch between perceptual strategies and the available acoustic information, we will have learned something about the source or nature of intelligibility deficit. This is in contrast to other studies of intelligibility that regard listener perception as the tool or metric by which speaker performance is assessed. The paradigm used here to study lexical segmentation of dysarthric speech derives from a model of normal speech perception, termed the Metrical Segmentation Strategy ͑MSS; Cutler and Butterfield, 1992; Cutler and Norris, 1988͒ . This model has produced a growing body of evidence suggesting that listeners exploit syllabic strength, specifically the juxtaposition of strong and weak syllables, to parse the continuous acoustic stream into its component words. According to this model, strong syllables are those that contain full vowels and that may or may not receive prosodic stress, and weak syllables contain reduced vowels and do not receive prosodic stress 1 ͑Cutler and Butterfield, 1990 Butterfield, , 1991 Cutler and Carter, 1987; Fear et al., 1995; Smith et al., 1989͒. Central to the MSS hypothesis is the assumption that segmentation of the speech signal is activated by the occurrence of a strong syllable ͑Cutler and Norris, 1988; Grosjean and Gee, 1987͒ Support for the MSS hypothesis is found in the statistical probabilities of syllabic strength in the English language, as well as in perception and production studies. Cutler and Carter ͑1987͒ determined that, in English, the occurrence of strong syllables is associated with 73% of word-initial syllables or single-syllable words. They reported that words with word-initial strong syllables are most frequently openclass words such as nouns, verbs, and adjectives; weak syllables are associated most often with second syllable placement or word-initial placement ͑including single-syllable words͒ in closed-class words, such as articles and pronouns ͑see also Cutler, 1993͒ . Thus when listeners recognize strong syllables as word-initial, there is a high probability that they will be successful in their lexical segmentation.
In a specific test of the MSS hypothesis, Cutler and Butterfield ͑1992͒ presented listeners with phrases containing six alternating strong and weak syllables at a very low intensity, just above threshold. The pattern of errors evident in the listeners' transcriptions was as expected if they recognized strong syllables as word onsets: Listeners were more likely to incorrectly insert lexical boundaries before strong than weak syllables, and they were more likely to delete lexical boundaries before weak than strong syllables. Moreover, they found that the words following a lexical boundary inserted before a strong syllable were most often open class, and the words following a lexical boundary inserted before a weak syllable were most often closed class. This pattern of results suggests that the listeners attended to the relatively robust acoustic cues associated with strong syllables ͑Smith et al., 1989͒.
If listeners indeed rely on syllabic strength to identify word boundaries, speech with reduced syllabic strength contrasts-such as that produced by some speakers with dysarthria-should reduce the effectiveness of this perceptual strategy. Evidence for this reduction in effectiveness would be apparent in the patterns of lexical boundary errors ͑LBEs͒ the listeners produce when deciphering such speech. Specifically, we would expect to see either a more even distribution of lexical boundary insertions and deletions between strong and weak syllables than has been shown to occur with normal degraded speech, or we would see a distribution that more closely aligns with the opportunities for these errors to occur.
Hypokinetic dysarthria was chosen as a test case for the present investigation because the principal perceptual speech characteristics, by definition, serve to diminish syllabic strength contrastivity: rapid speaking rate, monotony, monoloudness, and phoneme imprecision ͑Darley et al., 1969͒. The perception of reduced syllabic strength contrasts in hypokinetic dysarthria is supported indirectly by acoustic studies that have examined segmental and suprasegmental characteristics. These include demonstrations of rapid speaking rate and short segment durations ͑Adams, 1991; Forrest et al., 1989͒, reduced vowel formants and trajectories ͑For-rest et al., 1989; Weismer, 1984͒, consonant imprecision ͑Logemann and Fisher, 1981; Weismer, 1991͒ , and the vocal characteristics of monopitch, monoloudness, and reduced stress ͑Ludlow and Bassich, 1984; Ramig, 1992͒. Thus from both perceptual and acoustic standpoints, hypokinetic speech that possesses the cardinal constellation of symptoms listed above has reduced syllabic contrastivity.
The purpose of the present study was to examine the relationship between listeners' perceptual strategies and the nature of the dysarthric speech signal to determine whether evidence of a mismatch could be identified. The variables of interest were the quantity and location of LBEs produced by the listeners as they attempted to decipher a set of phrases marked by reduced syllabic strength contrastivity. The following questions were addressed: ͑1͒ Does this hypokinetic dysarthric speech elicit LBEs; ͑2͒ Do patterns of LBEs support or refute the MSS hypothesis and the listeners' apparent reliance on syllabic strength information to segment the acoustic stream; ͑3͒ To what extent do acoustic indices of reduced syllabic strength contrastivity correspond with the number and pattern of LBEs produced by the listeners.
I. METHOD

A. Listeners
Seventy graduate and undergraduate ͑63 females and 7 males͒ students primarily from the Speech and Hearing Science Department of Arizona State University served as listeners for this experiment. Their ages ranged from 21 to 50 years, with a mean age of 27 years. All listeners self-reported normal hearing and were native speakers of Standard American English. All listeners reported having little or no experience listening to dysarthric speech.
B. Speech stimuli
The goal of speaker selection was to obtain a group of speakers with hypokinetic dysarthria whose segmental and suprasegmental characteristics were highly similar ͑as per the operational definition of hypokinetic dysarthria herein͒, and who were at least moderately impaired in intelligibility on the stimulus phrases. Therefore, only speech characteristics at the time of recording the stimulus phrases were relevant to the purposes of the present investigation. The two certified speech-language pathologists associated with this study confirmed that all speakers who participated exhibited some degree of all components of the operational definition: perceptually rapid speaking rate with monopitch and monoloudness; little use of variation in pitch or loudness to achieve differential syllabic stress; imprecise articulation that gives the impression of a blurring of phonemes and syllables; and a breathy and perhaps hoarse/harsh voice. These percep-tual impressions were supported by comparisons of acoustic measures taken from the hypokinetic dysarthric speech samples and those from a group of a control speakers, as will be described later.
Thirty-three people were identified by their neurologists or speech-language pathologists as potential speakers for this study. Of these, 12 people were brought in to participate in recording based on their general speech characteristics and severity levels at the time of an initial telephone conversation with the first author. Five of these speakers who provided speech samples ultimately were not used in the investigation because of additional speech characteristics either not present or not noted during the initial telephone screening. These characteristics included the presence of a distinctive regional accent, a pervasive vocal tremor and oral dyskinesia, insufficient impairment of intelligibility, and the absence of one or more components of the operational definition of hypokinetic dysarthria. The seven remaining speakers ͑4 men, coded HM1-4; and 3 women, coded HF1-3͒, all who carried a primary diagnosis of Parkinson's disease, served as speakers in this investigation. Their ages ranged from 48 to 81 years, with a mean age of 67 years ͑see Table I͒. Speech samples from a group of neurologically normal speakers who were similar to the dysarthric speakers in age also were collected. The acoustic measures derived from these control speech samples were compared to those of the hypokinetic samples to assess the perceptual impressions of reduced syllabic strength contrastivity among the speakers with hypokinetic dysarthria. The three women ͑coded F1-F3͒ were aged 79, 52, and 56 years, and the three men ͑coded M1-M3͒ were aged 47, 54, and 73 years. The mean age of the control group was 60 years. These speakers had no history or presentation of speech, language, or hearing disorders, and they exhibited no distinctive regional accents. Speech sample collection and data analysis procedures for these participants' speech samples were identical to those described herein for the speakers with hypokinetic dysarthria. As with all speakers of this investigation, the control group was blinded to the purpose of the study.
Speech samples were collected during a single hour-long session with each speaker. The protocol included the administration of the word and sentence subtests of the Assessment of Intelligibility of Dysarthric Speech ͑AIDS; Yorkston and Beukelman, 1981͒ , the elicitation of several minutes of spontaneous speech, and the production of a set of stimulus phrases.
2 The phrases were modeled after those of Cutler and Butterfield ͑1992͒ and they were designed to have low interword predictability to reduce the contribution of semantic information to intelligibility. The 60 six-syllable phrases alternated strong ͑S͒ and weak ͑W͒ syllables, such that half of the phrases contained an SWSWSW phrasal stress pattern, and the other half contained a WSWSWS phrasal stress pattern. In addition to the phrasal stress distinction, the vast majority of strong and weak syllables contained full and reduced vowels, respectively. The phrases ranged in length from three to five words, and no word contained more than two syllables. None of the words in the phrases was repeated except articles and auxiliary verbs; and all English phonemes except /c/ were represented. For the purposes of the larger investigation, a portion of the phrases contained words that were deemed to have political connotation-these words have no particular import for the present study.
Digital audio recordings of the speech protocol were made in a sound-damped booth with an initial microphoneto-mouth distance of 8 in. A Panasonic SV-3700 digital audio tape recorder, a Microtech Gefell GMBH condenser microphone mounted on a stand, a Mackie 1202 mixer, and high quality digital audio tapes were used to record the speech samples. Recording levels were monitored closely. A digital Tenma 72-860 sound level meter was used to measure sound pressure level at the microphone during each speaker's sustained /a/ and connected speech, both prior to recording and at intervals during the session. When the maximum levels obtained by a speaker did not reach a minimum of 65 dB SPL at the microphone, the microphone was moved incrementally toward the mouth. No microphone-to-mouth distance was less than 5 in., none was more than 8 in. The average maximum sound pressure level for the hypokinetic dysarthric speakers across phrase productions was 73.7 dB SPL at the microphone, with a standard deviation of 5.4; the normal control speakers averaged 76.1 dB SPL with a standard deviation of 5.5. Throughout recording, the LED voltage indicator on the DAT recorder was monitored continuously to insure an identical peak voltage range for each phrase or production. For the production of the stimulus phrases, speakers were encouraged to produce them in their ''normal, conversational voice.'' All intelligibility test words and sentences and stimulus phrases were printed in large bold print on 8 1 2 by 11 in. cards and were read aloud by the speakers.
Each production of the phrases was low-pass filtered at 10 kHz, digitized at a 22-kHz sampling rate and stored in a computer file using CSpeech Laboratory Automation System ͑Milenkovic and Read, 1992͒. Each speaker typically produced four iterations of each stimulus phrase during the course of speech sample collection. The first token which contained no word omissions, substitutions, dysfluencies, or interword pauses, and which most closely represented our operational definition of hypokinetic dysarthria was selected as the experimental token. The 60 phrases per speaker were then downloaded on to DAT audiocassettes for use in the perceptual experiment, and saved in computer files for acoustic analysis. Seven listening tapes for the hypokinetic speakers were created. Each tape contained one production of the 60 phrases in identical order to evenly distribute any practice effects that may have accrued over the course of the listening task. Each tape contained contiguous productions from 3 speakers, the first 20 from 1 speaker, 21-40 from another speaker, and 41-60 from a third speaker. Thus each speaker's 60 phrases were distributed across 3 different tapes, such that 30 listeners ͑10 listeners in each tape group͒ would hear and transcribe the productions of each of the 7 speakers. This provided an opportunity to identify any group of listeners which may have performed significantly better or worse than any other group. Phrases were preceded by the phrase number ͑1-60͒ spoken by a neurologically normal female, and followed with a 12-s interstimulus silent interval. The subjective recording quality was judged to be high and signal intensity consistent across speakers and phrases. Identical procedures were used for the creation of listening tapes for the control speech samples. These tapes were used in the present investigation only for acoustic analysis and not LBE assessment because the normal speech was found to elicit only a negligible number of LBEs from among listeners.
To obtain acoustic evidence of the perceived decreased syllabic strength contrasts, all of the 420 digitized hypokinetic phrases (60 phrasesϫ7 speakers) used in the listening experiment were subjected to the following acoustic measures: phrase duration, F0 and amplitude variation within and between phrases, and first and second formant frequencies of selected strong vowels across the phrases. Although these measures were not conducted on consecutive strong and weak syllables, they were meant to capture global reductions in prosody and vowel working space, particularly as compared to the measures from the control phrases. Reductions in phrase duration, F0 and amplitude variation, and vowel working space relative to the normal controls were regarded as support for the perceived characteristics of rapid speaking rate, monotony, and reduced vowel contrastivity, respectively. The same measures from the 360 phrases of the control group (60 phrasesϫ6 speakers) were used as a source of comparison.
All acoustic measures were accomplished using the software CSpeech ͑Milenkovic and Read, 1992͒. Phrase duration was obtained during the initial editing of the phrases by placing cursors on the first and last acoustic evidence of phonemes on the spectrographic display. This included the first or last glottal pulse in the case of initial or final voiced phonemes, respectively; the beginning or end of noise energy in the case of initial or final fricatives; and the beginning or end of the of the burst release in the case of initial or final stop consonants. One hundred milliseconds of silence was then appended to the beginning and end of each phrase to reduce onset-offset effects and the entire screen was saved as a digital file for all subsequent acoustic analysis.
Fundamental frequency (F0) and its variation within each digitized phrase was computed automatically using the short-term autocorrelation function with center clipping. All pitch traces were inspected visually to identify and edit tracking errors which occurred in this set of phrases. The majority of tracking errors consisted of brief regions of pitch doubling that required interpolation. Approximately 10% of the phrases that required hand-editing were remeasured by a second judge to calculate interjudge reliability. One hundred percent of the interjudge differences were less than 7 Hz; 70% of these were less than 3 Hz. The rms amplitude envelope of each phrase was converted automatically to mean decibels and variation around the mean was calculated. Frequency and amplitude data were saved in computer files for the automated calculation of across-speaker values.
First and second formant frequencies were measured at the temporal midpoints of seven occurrences of the vowels /i/, /,/, /a/, and /u/, using both broadband spectrograms and LPC displays. The vowels were taken from the strong syllables of the following words: ''teacher, release, legal, impeach, veto, appear,'' and ''eager'' for /i/; ''ballot, taxes, catch, batch, rally, attack,'' and ''fast'' for /,/; ''congress, lobby, water, follow, solid, proper,'' and ''models'' for /a/; and ''choose, soon, nuisance, new, assume, remove,'' and ''include'' for /u/. A total of 364 vowels were measured (4 vowelsϫ7 instancesϫ7 hypokinetic and 6 control speakers͒. Means and standard deviations were used to create F1 ϪF2 plots to define the vowel quadrilaterals for each speaker, and geometric area values were calculated by summing the areas of the two triangles created by bisecting each quadrilateral ͑see Fourakis, 1991; Turner et al., 1995͒ . Approximately 30% of the hypokinetic and 10% of the normal control vowels were remeasured and intrajudge reliability was found to be high and acceptable: 98% of the differences between the original and second measures of F1 were less than 20 Hz; 93% of the differences between the original and second measures of F2 were less than 40 Hz. Interjudge reliability was calculated on approximately 20% of all vowel measurements and also was found to be acceptable: 84% of the differences between the original and second measures of F1 were less than 20 Hz; 80% of the differences between the original and second measures of F2 were less than 40 Hz. Inter-and intrajudge differences that exceeded 40 Hz for F1 and 60 Hz for F2, which all occurred in the dysarthric samples, were reassessed and modified as appropriate.
Severity of speech intelligibility impairment was estimated by performance on the word and sentence subtests of the AIDS, as scored by two naive judges. The mean difference between the two judges' scores was 10% for both the word and sentence subtests. The highest score obtained by either of the judges for each subtest was used as an index of best case speaker intelligibility ͑see Table I͒. Phrase duration measures support the perceptual impression of rapid rate among these speakers with hypokinetic dysarthria. Figure 1 shows the mean phrase duration and standard deviation for each of the hypokinetic dysarthric and control speakers. All but one of the speakers with hypokinetic dysarthria exhibited more rapid phrase production than any of the normal controls ͑HF1͒.
To visually compare mean intraphrase F0 and intensity variations across speakers and between speaker groups, coefficients of variation were calculated by dividing each stan-dard deviation by its mean. These values are plotted in Fig. 2 where the filled and unfilled circles represent data for the control and hypokinetic groups, respectively. Coordinates toward the upper right of the graph are associated with greater degrees of prosodic variation within phrases; those toward the lower left are associated with lesser degrees of prosodic variation. Thus control speakers M2 and F3 exhibited the greatest prosodic variation, and hypokinetic speakers HM2 and HF2 exhibited the least. The F0 variation appears to capture the majority of group difference, however, in that the means all speakers with hypokinetic dysarthria except F1 fall to the left of the control speakers. This corresponds favorably with the perception of monotony among the hypokinetic phrases.
The perceptual impression of reduced vowel strength contrasts in the hypokinetic phrases is supported by the measures of vowel working space, namely the geometric area occupied by the vowel quadrilateral derived from vowels in strong syllables. This measure offers an estimate of the ''outer limits'' of the vowel working space for this set of phrases. By inference, smaller working spaces may be related to less capacity for strong-weak distinctions because the strong vowels are closer to ''reduced.'' Figure 3 contains the geometric area values derived from each speaker's vowel quadrilateral. All of the quadrilaterals from the hypokinetic dysarthric vowels were smaller than those of the control phrases-there was virtually no overlap between members of the two groups. To summarize, this group of speakers with hypokinetic dysarthria produced stimulus phrases that were perceptually rapid, monotonous, and lacking in syllabic strength contrastivity. These perceptual impressions are supported by the associated acoustic measures as they compare to those of a group of control speakers.
C. Procedures
Ten listeners were randomly assigned to transcribe each of the seven tapes. Their task was to listen to each phrase and to write down exactly what they heard. They were told that all phrases consisted of real words in the English language, and they were encouraged to guess if they did not know what the speaker was saying.
The listeners were seated in individual cubicles. The audio tapes were presented via the Tandberg Educational sound system in the ASU Language Laboratory over high quality Tandberg supra-aural headphones. Equivalent sound pressure levels across headphones were verified with a headphone coupler sound level meter ͑Quest 215 Sound Level Meter͒. Listeners were instructed to adjust the volume to a comfortable listening level ͑in 4-dB increments up or down͒ during the preliminary instructions. They were directed not to alter the volume once the stimulus phrases had begun. The listeners transcribed three practice phrases which were read by a neurologically normal female speaker. Listeners who made more than one word-transcription error in the practice phrases were not eligible for the study. Only one listener was excluded by this criterion.
D. Analysis
Three trained judges independently coded the listener transcripts for the presence and type of LBEs. Lexical boundary violations were defined as erroneous insertions or deletions of lexical boundaries. These insertions or deletions were coded as occurring either before strong or before weak syllables ͑as determined by the target phrasal stress pattern of the phrase, SWSWSW or WSWSWS͒. Thus four error types were possible and each phrase had the possibility of containing more than one LBE. Examples from the actual transcripts are provided in Table II .
The 60 phrases consisted of 360 syllables, 60 of which were phrase-initial syllables and were therefore not subject to LBEs. Of those 300 nonphrase-initial syllables, 102 were word-initial strong syllables; 80 were word-initial weak syllables; 48 were nonword-initial strong syllables; and 70 were nonword-initial weak syllables. The occurrence of each word-initial strong syllable in the target corresponded to the opportunity for the deletion of a lexical boundary before a strong syllable. Similarly, word-initial weak syllables corresponded to the opportunity for the deletion of a lexical boundary before a weak syllable; nonword-initial strong syllables to the opportunity for an insertion of a lexical boundary before a strong syllable; and nonword-initial weak syllables to the opportunity for an insertion of a lexical boundary before a weak syllable. Thus the opportunities for producing the different types of LBEs were not equal, but are representative of the opportunities generally available in the English language ͑Cutler and Carter, 1987͒. The proportions of opportunities across the series of phrases are shown in Table III .
The codes generated for each speaker by the three judges were merged into one composite data set that reflected instances in which there was 100% agreement among the judges. Twenty-four LBE decisions were discarded due to interjudge disagreement. The number, type ͑insertion or deletion͒, and location ͑before strong or before weak syllables͒ was then tallied for each speaker and for the group. The errors also were analyzed for the distribution of openand closed-class words following the insertion of a lexical boundary. All words following the insertion of a lexical boundary were classified as open, closed, or nonclassifiable in the case of nonword responses.
Chi-square analyses were performed to determine the relationship between the variables of insert/delete and strong/ weak, and between the variables open/closed class and insertion before strong/weak syllables. Spearman Rank Order Correlation analyses were performed to assess the strength of the speaker-rank relationships between LBE patterns and acoustic measures.
II. RESULTS
A. Lexical boundary error incidence
The first finding of this investigation is that the hypokinetic speech samples elicited many LBEs from the listeners. In all, 1596 LBEs were identified unanimously by the three independent judges. The data columns of Table IV contain values from the coded listener transcripts. The number of phrases ͑out of 420 total͒ for which listeners provided no response whatsoever ranged from 9 to 75. The percentage of words transcribed correctly ranged from 18.3% to 64.9%. The number of phrases transcribed entirely correctly for each speaker ranged from 1 to 157. The number of LBEs elicited by each speaker ranged from 151 to 317, with a mean of 228 (s.d.ϭ71.2).
B. Lexical boundary error pattern
The second finding is that the pattern of LBEs supports the MSS hypothesis. Of the total 1596 errors identified, there were nearly three times as many insertion as deletion errors. Of these, 47% were insertions of a lexical boundary before a strong syllable, 27% were insertions before weak syllables, 10% were deletions before strong syllables, and 15% were deletions before weak syllables. Pattern strength can be expressed as two ratios, IS-IW and DW-DS. Ratio values of ''1'' indicate that insertions and deletions occur equally as often before strong and weak syllables: the greater the positive distance from ''1,'' the greater the strength of adherence to the predicted pattern. For the present data, insertion errors Note. N/A refers to the fact that lexical boundary deletions cannot occur in nonword-initial syllable positions, and that lexical boundary insertions cannot occur in word-initial syllable positions. Phrase-initial syllables were excluded from the count because they are not subject to LBEs. occurred 1.7 times more often before strong than before weak syllables, and deletion errors occurred 1.5 times more often before weak than before strong syllables. A chi-square analysis indicated a significant interaction between the variables of insert/delete and strong/weak ͓ 2 (1,Nϭ4)ϭ67.3, pϽ0.0001͔.
Also, the majority of the post-boundary words created by the insertion of a lexical boundary before a strong syllable were open-class words ͑73.7%͒, and the majority of the words created by the insertion of a boundary before a weak syllable were closed-class words ͑74%͒. A chi-square analysis revealed a significant interaction between the variables of open/closed class and strong/weak syllables ͓ 2 (1,Nϭ4) ϭ281.8, pϽ0.0001͔.
This general pattern of LBEs for the group also held for each of the seven speakers. The first four data columns of Table V contain the percentages of error types out of the total errors elicited by each of the speakers. In accordance with MSS hypothesis predictions, insertions were more common before strong than before weak syllables; and deletion errors were more common before weak than before strong syllables. The final column of this table expresses the strength of these error patterns with IS-IW ratio values:
3 Lexical boundary insertions before strong syllables outnumbered those before weak syllables by 2.70 to 1.38 times. Thus although all speakers elicited the general pattern of LBEs predicted by the MSS hypothesis, the pattern was stronger for some speakers than for others.
C. Lexical boundary error pattern and speech characteristics
The final question was the extent to which the acoustic evidence of reduced syllabic strength contrasts was associated with the listener performance patterns elicited by the seven speakers with hypokinetic dysarthria. Spearman correlation coefficients were calculated on the rank orderings of the speakers on the various measures of intelligibility; aspects of LBE patterns; and acoustic measures associated with syllabic contrastivity. This was meant to identify any intelligibility or acoustic measures that might be associated with LBE incidence or pattern strength.
The rankings of the word and sentence subtests of the AIDS were correlated strongly with the rankings of percent words-correct from the stimulus phrases, accounting for 79% and 56% of the variance, respectively. However, neither standard intelligibility ranking was associated strongly with that of the number of LBEs (Rϭ0.64 and 0.43, for word and sentence subtests, respectively͒, nor with the IS-IW ratio ranking (Rϭ0.39 and 0.46, respectively͒. Only one of the three acoustic measure rankings was associated strongly with measures of intelligibility and LBE pattern strength. The F0 variability (CVF0) and sentence subtest rankings were correlated at 0.71 (pϭ0.05). The CVF0 and IS-IW rankings were correlated at 0.93 ( pϭ0.00).
Although the correlations of rankings provide some insight to the relationships among the variables of interest, it is the joint consideration of individual speaker patterns and LBE results that is most revealing. The speakers in this study fall roughly into three groups when the strength of the IS-IW ratio is examined. The high IS-IW ratio group consists of speakers HF1 and HM3 who also were the most intelligible, and elicited among the fewest LBEs. The low IS-IW ratio group consists of speakers HF2 and HM2 who were among the least intelligible of this group, and who produced among the greatest numbers of LBEs. The mid IS-IW ratio group consists of HF3, HM1, and HM4. Although more variable in their presentation, they obtained IS-IW ratio values in the narrow range of 1.6-1.8. Each group is addressed in turn.
The high IS-IW ratio group ͑HF1 and HM3͒ obtained high standard intelligibility scores, and elicited the highest percentages of words-correct on the stimulus phrases. Subjective impressions also support the conclusion that these two speakers had the highest levels of articulatory integrity of the group. The acoustic data for HF1 are consistent with the notion that strong-weak contrasts in her phrases were well marked. Her mean phrase durations were the longest of the hypokinetic speakers, and comparable to those of the fastest control speakers ͑Fig. 1͒. Her measures of F0 and amplitude variation placed her among the control speakers ͑Fig. 2͒, and her vowel quadrilateral was the largest of the TABLE IV. Listener performance on phrase transcription task by speaker. Note. The first column contains number of phrases for which listeners provided no response. The second column contains the percentages of wordscorrect in the 60 stimulus phrases. Column 3 contains the number of phrase transcriptions that were entirely correct. The fourth column contains the absolute number of LBEs produced for each speaker.
Speaker
No response % Words-correct # Phrase correct # LBEs hypokinetic speakers ͑Fig. 3͒. In contradistinction, evidence for the acoustic marking of syllabic strength contrasts for HM3 is not so apparent. His mean phrase duration was almost half that of HF1 ͑Fig. 1͒, and his vowel quadrilateral area was the smallest of the group ͑Fig. 3͒. The only positive factor was his high CVF0 ranking. Although substantially smaller than that of HF1, his was second highest for the group of hypokinetic speakers ͑Fig. 2͒. Thus despite equivalent LBE pattern evidence of relatively robust strong-weak syllabic distinctions, only one of the two speakers offered commensurate acoustic evidence. The low IS-IW ratio group ͑HF2 and HM2͒ did not exhibit high levels of articulatory integrity based on their standard intelligibility scores, their percentages of wordscorrect on the stimulus phrases, and on subjective impressions. Acoustically, these speakers exhibited the least prosodic variation ͑see Fig. 2͒ , and among the smallest vowel quadrilateral areas ͑see Fig. 3͒ of the group. Their mean phrase durations were short compared with those of the normal control, but they were in the middle of the range for the hypokinetic group ͑see Fig. 1͒ . Thus the LBE pattern evidence of reduced syllabic strength contrasts was supported by the acoustic evidence for these two speakers.
Two of the mid IS-IW ratio group, HM1, and HM4, had very similar intelligibility profiles on both the standard measure and on the percent words-correct on the stimulus phrases. The third member, HF3, was the least intelligible. Acoustically, the three speakers had highly similar CVF0 values ͑Fig. 2͒, and they formed the midrange for vowel quadrilateral area ͑Fig. 3͒. The only acoustic measure that distinguished these speakers was phrase duration ͑Fig. 1͒: HM1 was the slowest male of the group, and HF3 and HM4 tied for the most rapid speakers. Interestingly, this corresponds with the number of LBEs elicited: HM1 elicited nearly half as many errors as HF3 and HM4.
III. DISCUSSION
The present report offers several new findings relevant to the study of speech perception and speech intelligibility. First, these hypokinetic speech samples elicited large numbers of LBEs. Also, like systematically degraded normal speech, the pattern of LBEs elicited by these hypokinetic dysarthric speakers generally is consistent with the predictions offered by the MSS hypothesis. The third and most critical finding is the evidence of diminished effectiveness of this strategy when syllabic strength contrasts were most reduced.
More than 1500 LBEs were identified in the transcribed phrases. Even speakers with high scores on the standard measures of word and sentence intelligibility elicited relatively large numbers of LBEs. Although there is no direct point of comparison, Cutler and Butterfield ͑1992͒ reported just 256 LBEs in their corpus of 864 phrase transcriptions evoked by normal speech presented at low listening levels. Their coding criteria were more stringent than those used in the present investigation, however, this cannot explain the magnitude of the discrepancy in the occurrence of LBEs. The answer may be related to the fact that degradation of normal speech results in a rather systematic and consistent manipulation of segmental and suprasegmental components. Dysarthric speech, in contrast, may vary more randomly on these dimensions, thereby providing more opportunities for lexical boundary misperceptions to occur. This question may be addressed by the evaluation of LBEs elicited by other types of dysarthria.
Having established the presence of LBEs, the next issue is that of error pattern. The primary hypothesis of this investigation was that a group of speakers who produced poor distinctions between strong and weak syllables would elicit lexical boundary error patterns that either are random, or closely aligned with the opportunity for such errors to occur. In other words, one would expect to see lexical boundary insertions distributed either equally often before strong and weak syllables, or more often before weak than before strong syllables. The opposite would be expected for lexical boundary deletions. This certainly was not the case. These data conformed precisely with the predictions of the MSS hypothesis: Lexical boundary insertions occurred most often before strong syllables and created open-class words; deletions occurred most often before weak syllables and created closedclass words. The conclusion must be, then, that listeners relied on some sufficient level of strong-weak syllabic contrastivity to make their lexical boundary decisions.
Investigations have provided evidence that, despite overall reductions in stress production, speakers with hypokinetic dysarthria are able to maintain relative stress distinctions. Ackermann and Ziegler ͑1991͒ measured sound pressure levels associated with syllable-initial stop consonants to estimate degree of articulatory closure in speakers with parkinsonian dysarthria. They reported greater degrees of articulatory closure for the initial stop consonants of stressed syllables as compared with those of unstressed syllables. Their interpretation was that, because of linguistic import, stressed syllables received articulatory attention at the expense of the unstressed syllables. Kinematic findings reported by Forrest and Weismer ͑1995͒ further support the notion of maintained stress contrasts in hypokinetic dysarthria. They documented reductions in movement amplitude and velocity for stressed syllables, and even greater reductions for unstressed syllables. It may be the case that the patterns of LBEs found in the present study conformed with the MSS hypothesis predictions because, although reduced, relative syllabic strong-weak contrastivity was maintained. However, there exists one critical difference between the present study and those of Ackermann and Ziegler, and Forrest and Weismer: All of our speakers and speech tokens ͑phrases͒ were selected because of the perceptual reductions in syllabic contrastivity, rather than the perceptual presence of correct stress, as was the case in the other two studies.
The present study indicates that the perceptual strategy of attending to syllabic strength was less effective for some speech samples than for others. This evidence is found in discrepancies in the IS-IW ratios, or the strength of pattern adherence. There exists in the literature no entirely comparable data base. However, Cutler and Butterfield ͑1992͒ report insertion and deletion values for a study of lexical boundary errors elicited by faint speech. The ratio values derived from their data indicated that insertion errors oc-curred before strong syllables three times more often than before weak ones (nϭ195). Deletion errors before weak syllables outnumbered those before strong by nearly four times (nϭ69). In the present study these ratios were substantially lower, with an IS-IW ratio of 1.7 (nϭ1180), and a DW-DS ratio of 1.5 (nϭ399). At face value, this suggests that either the hypokinetic speech contained less strong-weak contrast information than the faint speech, or that the listeners in the present study attended less to the contrasts than did those of Cutler and Butterfield. Support for the validity of the IS-IW ratio as an index of pattern adherence is found in the assessment of individual speaker data. From this assessment, three conclusions can be drawn. The first two are related: The rankings of IS-IW ratios were strongly associated with the rankings of CVFO; and the lowest IS-IW ratios were elicited by speakers with the most overall acoustic evidence of decreased syllabic contrastivity. An interpretation of the first finding is that larger variations in F0 within phrases correspond to larger prosodic distinctions between strong and weak syllables. When these strong and weak syllables are most perceptually distinctive, and when listeners use this distinction to motivate lexical segmentation, the IS-IW ratio is largest. Even though overall low performance on the acoustic measures was related to low IS-IW ratios, the rankings of these measures did not line up precisely with LBE pattern rankings. This may reflect the nonspecific nature of the measures of phrase duration and vowel space relative to syllabic strength. Relative durations of syllabic strength, specifically ratios of strong to weak durations, may be more valuable indicators of syllabic strength contrastivity in the temporal domain. Similarly, comparisons of strong to weak vowel formant data would provide information specific to vowel quality differences that were not presented here.
The final conclusion is that the speakers with highest measures of intelligibility elicited the highest IS-IW ratios, even when syllabic contrastivity apparently was most reduced ͑HM3͒. However, when measures of intelligibility were lower, the degree of syllabic contrastivity seemed to ''matter more'' for the IS-IW ratios. In other words, the IS-IW ratio appeared to be more vulnerable to decrement when articulatory integrity was most impaired. This supports the proposal of Cutler and Butterfield ͑1992͒ that, ''it is precisely under the conditions of phonetic uncertainty that rhythmic segmentation proves most useful'' ͑p. 233͒. In the present case, the listeners may rely on the rhythmic information when articulatory integrity is reduced, but their success is restricted by the available syllabic strength acoustic information.
The findings of this study must be viewed within the limitations of the methodology and design. First, syllabic strength was defined herein as a relative prosody-based entity with secondary vowel quality constituents. Although most of the strong and weak syllables of the stimulus phrases contain full and reduced vowels, respectively, not all do. If it were found that vowel quality has primary perceptual saliency for strong-weak distinctions, the findings of this study would have to be revisited ͑see Fear et al., 1995͒ . Second, as mentioned earlier, this study did not use relative intersyllabic measures to document the acoustic correlates of syllabic stress reductions. Because of the perceived reductions, it is expected that finer acoustic measures, such as strong-weak syllable duration ratios, will offer greater predictive value than the ones used here. Finally, individual listener patterns were not presented. Although all listener error patterns generally conformed to the group results, there was a range of performance across listeners. For example, some listeners appeared to be more vigilant than others in their transcription attempts, as evidenced by the number of ''no responses'' they produced. The design of the listening tapes did reduce potential listener effects by having each listener transcribe 20 phrases from three different speakers. However, the potential for different listening ͑and segmentation͒ strategies across the listeners should be considered.
IV. CONCLUSION
The examination of lexical boundary errors revealed that listeners attended to syllabic strength information to segment the connected hypokinetic dysarthric speech, just as they have been shown to do in the segmentation of normal speech. In general, adherence to the predicted pattern of errors was weakest for speakers with the greatest evidence of reduced syllabic contrastivity. This constitutes a mismatch between the perceptual strategy and the available acoustic information, and is therefore a source of intelligibility deficit for these speakers.
